INTRODUCTION
Despite availability of efficient antiviral drugs and artificial liver support system, acute liver failure (ALF) remains a largely intractable clinical problem, with high mortality rates (about 80%) [1] . It often requires urgent liver transplantation due to the limited therapeutic options [1] [2] [3] . Growing evidence suggests that ALF can trigger systemic inflammation through release of pro-inflammatory cytokines, such as tumor necrosis factor-α (TNF-α), interleukin (IL)-1β, and IL-6 [4, 5] . Sphingosine kinase 1 (SphK1) is an intracellular signaling enzyme that generates the lipid mediator sphingosine-1-phosphate (S1P) [6] . Several proinflammatory stimuli, including complement 5a (C5a), activate SphK1 on macrophages, and blockade of SphK1 attenuates inflammatory responses [7] [8] [9] . Previous studies have shown that SphK1 plays a critical role in sepsis-induced inflammatory responses [10] , and our recent work showed that expression and activation of SphK1 play an important role in ALF in a mouse model [11, 12] . The C5a fragment is the most powerful proinflammatory anaphylatoxin generated during complement activation [13] . Increasing evidence suggests that excessive C5a can cause deleterious exaggeration of the innate immune responses during bacterial infections [14] [15] [16] . In animal models of sepsis, blockade of the C5a/C5aR pathway attenuates organ injury and increases survival rates in mice [16] . Recent studies indicate that complement activation plays an important role in lipopolysaccharide (LPS)/D-galactosamine (D-GalN)-and acetaminophen (APAP)-induced ALF in mice [17, 18] . Moreover, C5a is over-produced during ALF, and inhibition of C5aR signaling alleviates liver injury in an animal model of ALF [17] . Based on the above results, we speculated that activation of the C5a/C5aR pathway plays an important role in SphK1 activation in ALF. Here, we report that SphK1 activation relies on C5a/C5aR interactions, which involve the mitogen-activated protein kinase (MAPK) signaling pathway. Blocking C5a/C5aR interactions effectively prevents LPS/D-GalN-induced ALF in mice, indicating that intervention of complement activation may be a useful immunotherapeutic strategy for ALF in patients.
MATERIALS AND METHODS

Animal model of ALF and treatment
Male BALB/c mice, weighing 20 ± 0.5 g, were obtained from the Experimental Animal Center of Nanchang University (Nanchang, China). Specific pathogenfree male mice around 6-wk-old were used for all experiments. Mice were handled and treated in accordance with the strict guiding principles of the National Institution of Health for experimental care and use of animals and approved by the animal care and use committee of Zhejiang Hospital. After ALF was induced, mice were sacrificed at the indicated time points as described previously [12] . Mice were randomly assigned to five groups (12 mice per group): PBS group, ALF group, C5aR antagonist (C5aRa) or cobra venom factor (CVF) pretreatment group, and C5aRa + CVF pretreatment group. All of the groups were observed for 1 wk.
Blockade of C5aR and complement depletion
For blockade of C5aR, mice were intraperitoneally injected with 1 mg/kg C5aRa (GL Biochem Ltd., Shanghai, China) 30 min before D-GalN/LPS challenge or treatment with PBS as a mock control. Complement was depleted by two intraperitoneal injections (7.5 U each in 200 μL of saline/mouse) of CVF (Quidel Corporation, San Diego, CA, United States). The first injection was given 24 h before D-GalN/LPS or saline administration, and the second injection was given 5 h after the first CVF injection. This was done to prevent any adverse effects of rapid loss of complement.
Quantification of alanine aminotransferase and detection of serum cytokines, high-mobility group protein B1, C5, C5a and S1P Serum alanine aminotransferase (ALT) levels were measured using an Olympus AU5400 automatic biochemistry analyzer, and the levels of serum cytokines (TNF-α, IL-1β and IL-6), high-mobility group protein B1 (HMGB1) and S1P were measured by enzyme linked-immunosorbant assay (ELISA) as described previously [12] . Serum C5a and C5 levels were measured with commercial ELISA kits according to the manufacturer's instructions.
Western blot analysis and histological study of liver tissue
Western blot analysis was performed as previously described [11, 12] . Briefly, 40 μg of protein from total tissue or cell lysate were used, and the blots were probed using polyclonal anti-mouse SphK1, C5aR, p38-MAPK and phospho-p38-MAPK antibodies (Santa Cruz Biotechnology, Dallas, TX, United States), with β-actin detected with anti-β-actin antibody (Santa Cruz Biotechnology) as a loading control. For histological study, liver tissue was fixed in 40 g/L phosphatebuffered formalin, and 3-5 μm tissue sections were cut and stained with hematoxylin and eosin (HE) before microscopic evaluation at × 200 or × 400 magnification.
Quantitative real-time polymerase chain reaction
Liver tissues were obtained from mice at the indicated time points and total RNA was extracted using TRIZOL (Invitrogen, Carlsbad, CA, United States) and then reverse transcribed into cDNA using ReverTra Ace qPCR RT kit (Toyobo, Osaka, Japan). The cDNA was then amplified by PCR. Quantitative PCR with SYBR Green Realtime PCR Master Mix-Plus (Toyobo) was performed using a Prism 7000 (Applied Biosystems Inc, Foster City, CA, United States) sequence detection system, and mRNA levels were normalized to that of the housekeeping gene β-actin. Primer sequences for PCR amplification were as follows: C5aR forward, 5′-TGGACCCCATAGATAACAGCAG-3' and C5aR reverse, 5′-GGAACACCACCGAGTAGATGAT-3′; β-actin forward, 5′-TGGAATCCTGTGGCATCCATGAAAC-3′ and β-actin reverse, 5-AAAACGCAGCTCAGTAACAGTCCG-3′.
Peritoneal exudative macrophage isolation and cell culture
Peritoneal exudative macrophages (PEMs) were harvested from BALB/c mice. Cells were re-suspended in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) at 5 × 10 6 cells/mL in a 6-well plate and incubated for 4 h; 500 ng/mL of C5a (Biovision, Milpitas, CA, United States) and 10 nmol/L of C5aRa (60-min pre-incubation) were used. PEMs were harvested and lysed for western blot analysis of SphK1. RAW 264.7 cells were obtained from the Institute of Cell Biology of the Chinese Academy of Sciences (Shanghai, China) and were cultured in 6-well plates and propagated in DMEM supplemented with 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin. Cells were stimulated with C5a (500 ng/mL) or C5a + C5aRa (pre-incubated for 60 min with 10 nmol/L of C5aRa in the presence of C5a). Inhibition of p38-MAPK activity was achieved with SB203580 (10 mmol/L).
Statistical analysis
Data are expressed as the mean ± standard error of the mean. Statistical significance was determined by a two-tailed Student's t-test or one-way analysis of variance (ANOVA), and, specifically, a log-rank test for survival analysis. A P value < 0.05 was considered statistically significant. Statistical image analysis was performed after determining that the data fit a normal distribution. A two-tailed Student's t-test was employed after the exclusion of outliers that were less or greater than two standard deviations away from the median. All statistical analyses were performed using SPSS 13.0 for Windows.
RESULTS
Excessive activation of C5 and up-regulation of C5aR in liver tissue of mice with ALF
To address the relevance of C5 activation in ALF in mice, we first challenged BALB/c mice with D-GalN/ LPS and examined C5 activation over a time course. Upon D-GalN/LPS challenge, C5a levels in serum rapidly increased within 6 h and peaked at 12 h ( Figure 1A ). Although serum C5a levels began to decrease after 24 h of ALF induction ( Figure 1B) , the serum C5a level at 36 h was still higher than that of the unchallenged mice ( Figure 1B ). Compared to the controls, expression of C5aR mRNA (> 15-fold) and protein was elevated significantly in liver tissue of ALF mice ( Figure 1C and D). These results suggest that excessive complement activation occurs during D-GalN/LPS-induced ALF in mice.
Blockade of the C5a/C5aR pathway attenuates D-GalN/ LPS-induced ALF in mice
To achieve a blockade of C5aR signaling during ALF, we chose to use a C5aRa. Blockade of C5aR apparently attenuated ALF, as demonstrated by a significant reduction in serum levels of ALT ( Figure  2A ), inflammatory cytokines ( Figure 2B and C) and the liver tissue damage ( Figure 2D ), as well as an increase in survival rates ( Figure 2E ) in mice after D-GalN/LPS challenge. In addition, depleting complement by CVF pretreatment also resulted in a significant decrease in susceptibility to D-GalN/LPS challenge, as evidenced by a reduction in serum ALT levels ( Figure 3A ) along with an increase in survival rates ( Figure 3B ) compared with the control. Furthermore, treatment with C5aRa further lessened the pathogenic effect on D-GalN/ LPS challenged mice receiving CVF pretreatment, as evidenced by lower levels of serum ALT ( Figure  3C ), inflammatory cytokines (TNF-α, IL-1β and IL-6) and HMGB1 ( Figure 3D and E). These data clearly demonstrate that abrogating the C5a/C5aR pathway can alleviate the severity of ALF.
C5a/C5aR pathway is required for the expression of SphK1 during ALF
Given the critical role of SphK1 in D-GalN/LPS-induced ALF [11, 12] , we measured SphK1 expression in C5aRa pretreated mice. These mice exhibited a significant reduction in SphK1 expression in both liver tissue and peripheral blood mononuclear cells (PBMCs) at 0.5 h after ALF induction ( Figure 4A and B) . Blockade of SphK1 activity in vivo was confirmed by reduced S1P level ( Figure 4C ). Moreover, treatment with CVF appeared to be capable of further reducing SphK1 expression in ALF mice receiving C5aRa ( Figure 4A and B) .
Previous evidence has suggested that macrophages and PBMCs are the major source of SphK1 expression during D-GalN/LPS-induced ALF in mice [11, 12] and C5aR is highly expressed in macrophages and the macrophages-derived cell line RAW 264.7 [19] . To further explore whether C5a could directly induce SphK1 expression in macrophage, we stimulated murine PEMs with recombinant C5a. Compared to the controls, the C5a stimulated PEMs exhibited a significant increase in SphK1 expression, and this effect was abolished by C5aRa pretreatment (Figure 4C ), indicating that C5a/ C5aR interactions directly modulate SphK1 production in macrophages. Furthermore, C5a treatment led to an increase in SphK1 expression in RAW 264.7 cells and this effect was also abolished by C5aRa pretreatment ( Figure 4D ). These results indicate that the C5a/C5aR pathway associates with SphK1 expression and the pathogenesis of ALF in mice. ng/mL ± 4.77 ng/mL, 35.22 ng/mL ± 3.62 ng/mL, 25.52 ng/mL ± 4.02 ng/mL vs 12.23 ng/mL ± 2.55 ng/mL, t = 19.31, 17.2, and 9.67, respectively, e P < 0.001); B: Serum levels of C5 at 12, 24 and 36 h increased significantly compared with that at 0 h (0.65 mg/mL ± 0.117 mg/mL, 0.343 mg/mL ± 0.09 mg/mL, 0.211 mg/ mL ± 0.06 mg/mL vs 1.413 mg/mL ± 0.209 mg/mL, t = 11.03, 16.29, and 19.15, respectively, e P < 0.001); C and D: Expression of C5aR mRNA and protein in liver tissue. The mean ± SE of three independent experiments is shown (error bar indicates standard error). .07, respectively, e P < 0.001); B: C5aRa reduced serum levels of TNF-α, IL-1β and IL-6 at 12 h (299.35 pg/mL ± 50.61 pg/mL vs 439.33 pg/mL ± 63.59 pg/mL, 57.42 pg/mL ± 12.98 pg/mL vs 106.69 pg/mL ± 49.87 pg/mL, 213.52 pg/mL ± 42.69 pg/mL vs 500.87 pg/mL ± 104.14 pg/mL, t = 5.96, 6.94, and 8.84 respectively, e P < 0.001); C: C5aRa reduced HMGB1 levels at 6, 12 and 24 h (18.14 ng/mL ± 4.08 ng/mL vs 60.23 ng/mL ± 5.47 ng/mL; 16.21 ng/mL ± 5.11 ng/mL vs 67.14 ng/mL ± 14.27 ng/mL; 15.42 ng/mL ± 6.23 ng/mL vs 48.71 ng/mL ± 15.6 ng/mL, t = 9.13, 11.64, and 6.85, respectively, e P < 0.001); D: Immune cell infiltration and tissue damage were detected by HE staining at 36 h after onset of ALF (1 = normal mice; 2 = ALF mice; 3 = C5aRa treated mice; magnification, × 100); E: Kaplan-Meier analysis of the effect of C5aRa on survival rates of animals ( e P < 0.001, log-rank test, F = 14.06). The mean ± SE of three independent experiments is shown (error bar indicates standard error). ALF: Acute liver failure. TNF-α: Tumor necrosis factor-α; IL: Interleukin.
C5aR signaling induces SphK1 expression through activation of p38-MAPK
Recent studies show that C5a has a critical role in regulating macrophage functions and p38-MAPK is activated in macrophages during C5a stimulation [20] .
Whether C5a induced SphK1 expression through p38-MAPK activation needs further investigation. To explore the relation of C5a/C5aR interactions with p38-MAPK phosphorylation in vivo, we first examined the tyrosine phosphorylation status of p38-MAPK after .74 IU/L, t = 8.14 and 7.58, respectively, e P < 0.001); D: C5aRa further reduced serum levels of TNF-α, IL-1β and IL-6 at 12 h significantly compared with CVF (129.67 pg/mL ± 32.79 pg/mL vs 312.19 pg/mL ± 51.25 pg/mL; 27.73 pg/mL ± 8.78 pg/mL vs 63.28 pg/mL ± 13.27 pg/mL; 103.66 pg/mL ± 22.33 pg/mL vs 223.67 pg/mL ± 41.77 pg/mL, t = 10.39, 7.74, and 8.78, respectively, e P < 0.001); E: C5aRa further reduced HMGB1 levels at 6, 12 and 24 h in ALF mice (15.14 ng/mL ± 3.08 ng/mL vs 33.23 ng/mL ± 4.17 ng/mL; 16.21 ng/mL ± 3.11 ng/mL vs 39.44 ng/mL ± 5.07 ng/mL; 15.42 ng/mL ± 3.23 ng/mL vs 31.33 ng/mL ± 4.36 ng/mL, t = 11.49, 13.53, and 10.16, respectively, e P < 0.001). ALF: Acute liver failure. TNF: Tumor necrosis factor; IL: Interleukin; ALT: Alanine aminotransferase; HMGB1: High-mobility group protein B1. C5aRa pretreatment. As expected, the liver tissues presented with remarkably lower levels of p38-MAPK phosphorylation at 6 h and 12 h in C5aRa pretreated mice compared to controls ( Figure 5A ). In line with the in vivo result, a faster and persistent phosphorylation of p38-MAPK was clearly observed in PEMs stimulated with C5a, and C5aRa abolished this effect ( Figure 5B ). These results indicated that the C5a/C5aR pathway is involved in mediating C5a-induced p38-MAPK phosphorylation.
To investigate whether p38-MAPK activation mediates C5aR-dependent SphK1 induction, we used SB203580 to directly inhibit p38-MAPK activity. Preincubation with SB20380 significantly reduced SphK1 production in PEMs upon C5a stimulation ( Figure 5C ). Under our experimental condition, SB203580 showed no cytotoxicity, as confirmed by > 95% of the cells with trypan blue exclusion after incubation for 6 h and 24 h (data not shown). These data indicate that the p38-MAPK signaling pathway mediates C5a/C5aR-induced SphK1 production in macrophages.
DISCUSSION
D-GalN/LPS-induced ALF in mice efficiently reproduces the clinical syndrome of ALF in humans. Although it has been noticed that complement activation plays an important role in LPS/D-GalN-and APAPinduced ALF [17, 18] , the possible role of complement activation in promoting ALF has not been investigated previously. Here, we found that ALF strongly activates the complement system, leading to a C5a increase. Attenuation in wild-type mice treated with C5aRa upon LPS/D-GalN-induction clearly validated the role of the C5a/C5aR pathway in the pathogenesis of ALF. In vivo and in vitro experiments also suggest that C5a/C5aR interactions up-regulate the expression and activation of SphK1 in macrophages through p38-MAPK activation.
Extensive expression and activation of SphK1 are a hallmark for LPS/D-GalN-induced ALF [11, 12] . Our data show that upon LPS/D-GalN challenge, inhibition of C5aR signaling with C5aRa can substantially reduce SphK1 production, thus protecting the animals from ALF. These results demonstrate that the C5a/C5aR pathway, via induction of SphK1 expression, plays a key role in ALF. It also implies that the excessive activation of complement, particularly C5a levels, may serve as a clinical criterion for disease diagnosis and prediction of severity in patients with ALF.
It has been shown that bacterial infections and LPS can quickly activate the complement system [16, 21] . In accordance with the previous results [17, 18] , the complement system is rapidly activated in ALF. This is confirmed by the observation of serum C5a level upsurge at the early stage of ALF development, indicating that C5a is an early mediator of ALF. This excessive complement activation and consumption at the early stage appear to explain the drop in serum Although serum C5a levels in these mice began to decrease at 24 h after challenge, likely due to C5 exhaustion, the serum C5a level at 36 h was still higher than that of control, implying that C5a may also play a role in pathogenesis at the late stage of disease.
Excessive expression and activation of SphK1 are critical to the pathogenesis of ALF and inhibition of SphK1 with a specific inhibitor (N,N-dimethylsphingosine, DMS) attenuates mouse liver injury and increases the survival rate, supporting a critical role for SphK1 in ALF [17] . Our study clearly showed that if C5aR signaling was inhibited, LPS/D-GalN failed to induce massive expression of SphK1 in the affected liver, indicating that C5a/C5aR interactions participate in the expression and activation of SphK1 for causing the disease.
Several proinflammatory stimuli, including anaphylatoxin C5a and TNF-α, activate SphK1 on human macrophages, and blockade of SphK1 inhibits several pro-inflammatory responses triggered by these stimuli [7] [8] [9] . As a result, we speculated that C5a/C5aR interactions are essential for SphK1 expression and activation. It has been shown that C5a is able to activate the three major MAPK pathways in most of inflammatory cells, including macrophages [22, 23] , and a recent study indicated that the C5a/C5aR pathway is necessary for p38-MAPK phosphorylation in macrophages [20] . Furthermore, MAPK activation plays a key role in C5a-induced production of inflammatory cytokines [15, 22] . In accordance with these results, we found that in vitro, C5a-induced SphK1 expression is largely dependent on activation of the p38-MAPK pathways. Our result identified that C5 activation and C5a/C5aR interactions play an important role in mediating p38-MAPK activation in liver tissue that leads to the pathogenesis of ALF.
Although the specific mechanism of complement activation during ALF is not very clear, the observation that C5a/C5aR signaling play an important role in the development of experimental ALF sheds light on the new strategies for treating ALF patients. Further research is needed to investigate the potential role of C5a in ALF in humans, and C5aR antagonist or C5a-neutralizing antibodies appear to have existing advantages for their usage in clinical treatment of ALF.
In conclusion, our results provide direct evidence that C5a/C5aR signaling plays a critical role in the pathogenesis of LPS/D-GalN-induced ALF in mice. Moreover, it is the first time we found that the C5a/ C5aR pathway participates in the expression and activation of SphK1 through p38-MAPK activation. 
A B C
We have reasons to believe that interfering in the C5a/C5aR signaling pathway can become a promising immunotherapeutic strategy for ALF in patients.
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